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The critical initial step in V(D)J recombination, bind-
ing of RAG1 and RAG2 to recombination signal
sequences flanking antigen receptor V, D, and J gene
segments, has not previously been characterized
in vivo. Here, we demonstrate that RAG protein
binding occurs in a highly focal manner to a small
region of active chromatin encompassing Igk and
Tcra J gene segments and Igh and Tcrb J and
J-proximal D gene segments. Formation of these
small RAG-bound regions, which we refer to as
recombination centers, occurs in a developmental
stage- and lineage-specific manner. Each RAG pro-
tein is independently capable of specific binding
within recombination centers. While RAG1 binding
was detected only at regions containing recombina-
tion signal sequences, RAG2 binds at thousands of
sites in the genome containing histone 3 trimethy-
lated at lysine 4. We propose that recombination
centers coordinate V(D)J recombination by providing
discrete sites within which gene segments are cap-
tured for recombination.
INTRODUCTION
The vertebrate adaptive immune system recognizes antigens
through the use of a highly diverse repertoire of immunoglobulins
(Igs) and T cell receptors (TCRs) expressed on the surface of
mature B and T lymphocytes. The genes encoding Ig and TCR
polypeptides are assembled during lymphocyte development
by V(D)J recombination, a site-specific recombination reaction
named for the arrays of V (variable), D (diversity), and J (joining)
gene segments that are its substrates. The mechanisms that
regulate V(D)J recombination are of considerable interest not
only because of the central role the reaction plays in adaptive
immunity and lymphocyte development, but also because of
the strong connection that has emerged between aberrantV(D)J recombination, genomic instability, and the development
of lymphoid malignancies (Lieber et al., 2006; Mills et al., 2003).
V(D)J recombination is initiated when the proteins encoded by
the recombination activating genes RAG1 and RAG2, probably
together with high-mobility group protein HMGB1 or HMGB2,
bind to recombination signal sequences (RSSs) that flank V, D,
and J gene segments (Swanson, 2004) (Figure 1A). The RAG
proteins then introduce DNA double-strand breaks between
the RSSs and gene segments, and the reaction is completed
by DNA end processing and ligation mediated by nonhomolo-
gous end-joining repair factors (Gellert, 2002). RSSs consist of
conserved heptamer and nonamer elements separated by
a spacer whose length is either 12 or 23 bp (12RSS or 23RSS,
respectively). Efficient recombination requires a 12RSS and
23RSS, a restriction known as the 12/23 rule. DNA cleavage
occurs by a two-step mechanism involving nicking of one
strand followed by attack on the other strand by the liberated
30 hydroxyl group to generate hairpin sealed coding ends and
blunt signal ends (Figure 1B) (McBlane et al., 1995). Biochemical
experiments suggest a ‘‘capture’’ model for the initiation of V(D)J
recombination in which RAG1/RAG2/HMGB1/2 first bind to one
RSS and then capture a second RSS lacking bound RAG
proteins to form the synaptic or paired complex (Figure 1A)
(Jones and Gellert, 2002; Mundy et al., 2002).
RAG1 plays direct roles in both RSS binding and DNA cleav-
age. It contains domains that interact with the nonamer and
heptamer (De and Rodgers, 2004; Swanson, 2004), as well as
three acidic amino acids (D600, D708, and E962) that coordinate
divalent metal ions and are essential for DNA cleavage (Fugmann
et al., 2000; Kim et al., 1999; Landree et al., 1999). The functions
of RAG2 are less well understood. It interacts with RAG1,
enhances the specificity and affinity of RSS binding, and is
essential for DNA cleavage. While RAG2 has no detectable
DNA binding activity by itself (Swanson, 2004), it contains a plant
homeodomain (PHD) finger that recognizes histone H3 trimethy-
lated at lysine 4 (H3K4me3) (Liu et al., 2007; Matthews et al.,
2007). This interaction is important for V(D)J recombination
in vivo (Liu et al., 2007; Matthews et al., 2007) and stimulates
the cleavage activity of the RAG proteins in vitro (Shimazaki























Figure 1. RAG Binding to the Igk Locus in Pre-B
Cells
(A) Steps in V(D)J recombination. RAG1-RAG2-HMGB1/2
complex is represented as a gray oval, RSSs as triangles,
and coding segments as rectangles.
(B) DNA cleavage by the RAG proteins.
(C) The D708A BAC. RAG1 and RAG2 exons are repre-
sented as black boxes and the direction of transcription
is indicated with arrows. The Rag2 locus expresses green
fluorescence protein (GFP) instead of RAG2. A mutation
introduced into Rag1 (asterisk) changes the codon for
Asp708 to an alanine codon.
(D and E) Binding of RAG1 (D) or RAG2 (E) was assessed
by ChIP in primary CD19+ bone marrow B lineage cells
from Rag1/ B1-8i Igh knockin (R1/H), D708A
transgene-positive Rag1/ B1-8i Igh knockin (D708A-
R1/H), and Rag2/ B1-8i Igh knockin (R2/H)
mice. DNA recovery in immunoprecipitates was measured
by qPCR using primers that detect four individual Vk gene
segments, four closely related Vk gene segments (Vk220),
a group of about 40 Vk gene segments [Vk(degen)] (Curry
et al., 2005), the four individual functional Jk gene
segments, the constant region exon (Ck), and four nonan-
tigen receptor genes as indicated below each graph and
in the schematic diagram of the Igk locus at the bottom
of the figure. The diagram indicates only the relative loca-
tions of the various Igk gene segments and is not drawn to
scale. IP/Inputcorr values have been corrected for back-
ground and normalized to the input signal as described
in the Experimental Procedures, with bars indicating the
mean of three independent experiments and error bars
representing the SEM.
See also Figures S1, S2, S3, and S4.V(D)J recombination is tightly regulated in a lineage- and
developmental stage-specific manner (Cobb et al., 2006). Cur-
rent evidence indicates that the reaction is controlled primarily
at the step of RAG-mediated DNA cleavage and that this in
turn is controlled by three general mechanisms: restriction of
RAG expression to developing lymphocytes, regulation of the
physical accessibility of substrate RSSs to RAG binding through
the modulation of chromatin structure, and regulation of syn-
apsis through the control of long range chromosome conforma-
tion (Cobb et al., 2006; Jhunjhunwala et al., 2008; Jung et al.,
2006; Krangel, 2007).
Many experiments have helped to establish a tight link
between the ability of a gene segment to participate in V(D)J
recombination and an ‘‘open’’ or ‘‘accessible’’ chromatin config-
uration, as reflected by transcription, activating histone modifi-
cations, nuclease sensitivity, and the movement of loci away
from repressive nuclear compartments (Cobb et al., 2006;
Jung et al., 2006; Krangel, 2007). Importantly, when isolated
lymphocyte nuclei were incubated with the RAG proteins, RSS
cleavage occurred in a lineage- and developmental stage-420 Cell 141, 419–431, April 30, 2010 ª2010 Elsevier Inc.appropriate manner, directly linking chromatin
structure to the ability of the RAG proteins to
initiate V(D)J recombination (Stanhope-Baker
et al., 1996). Positioning an RSSwithin a nucleo-
some strongly inhibits cleavage by the RAG
proteins in vitro (Golding et al., 1999; Kwonet al., 1998). The current model is that cis-acting accessibility
control elements, such as enhancers and promoters, recruit
chromatin modifying and remodeling enzymes and RNA poly-
merase II, which act together to free RSSs from repressive asso-
ciations with chromatin factors and allow RAG binding.
Given the importance of RSS recognition by the RAG proteins
in the initiation of V(D)J recombination, it is remarkable that the
pattern of binding of RAG1 and RAG2 to antigen receptor loci
remains unknown. Patterns of recombination, RSS cleavage,
and chromatin accessibility have provided indirect information
as to where the RAG proteins are likely to be bound, but these
measures are inadequate because RSS binding need not result
in DNA cleavage and because it is unknown whether current
measures of accessibility adequately capture the features
required for RAG binding. This has left numerous fundamental
questions concerning the regulation of V(D)J recombination
unanswered: Is RAG binding to the RSS a tightly regulated
step? Can the initial binding event occur at either type of gene
segment involved, or do the RAG proteins consistently bind
one type of gene segment first? In large arrays of similar gene
segments, do the RAG proteins bind uniformly across the array
or in an uneven or focal manner?
Here, we use chromatin immunoprecipitation (ChIP) to dem-
onstrate that RAG binding is tightly regulated during lymphocyte
development and focuses on a small region encompassing J
(and, where present, J-proximal D) gene segments in the Igh,
Igk, Tcrb, and Tcra loci. These regions, which we refer to as
recombination centers (Jung et al., 2006), are rich in activating
histone modifications and RNA polymerase II. RAG2 binds very
broadly in the genome at sites with substantial levels of
H3K4me3, while RAG1 binding is more tightly restricted and
likely requires direct interaction with the RSS. Surprisingly, in
most loci examined, each RAG protein exhibits its specific
binding pattern in the absence of the other, suggesting the possi-
bility of several distinct pathways for the recruitment of the RAG
proteins into recombination centers. We propose that recombi-
nation centers are specialized sites of high local RAG concentra-
tion that facilitate RSS binding and synapsis and help regulate
recombination order, fidelity, and perhaps allelic exclusion
during V(D)J recombination.
RESULTS
Tools for the Detection of RAG Protein Binding
In Vivo by ChIP
Wild-type (WT) developing lymphocytes contain a heteroge-
neous mixture of V(D)J recombination events and byproducts
that could complicate the interpretation of ChIP data involving
antigen receptor loci. To avoid this problem, we generated trans-
genic mice expressing an Asp708/Ala active site mutant RAG1
protein that interacts with RAG2 and binds DNA normally but
lacks catalytic activity (Fugmann et al., 2000; Kim et al., 1999;
Landree et al., 1999). The D708A RAG1 mutation was engi-
neered into a bacterial artificial chromosome (Figure 1C) previ-
ously demonstrated to accurately recapitulate the endogenous
pattern of RAG expression in transgenic mice (Yu et al., 1999).
One founder line (copy number of 4) with an appropriate
pattern of transgene expression (data not shown) was selected
for further analysis.
The D708A transgenewas bred onto aRag1/ background to
generate D708A-R1/ mice, which exhibit blocks at the pro-B
and pro-T stages of lymphocyte development equivalent to
those of R1/ mice (Figures S1A and S1C available online).
To allow analysis of pre-B and pre-T cells, D708A-R1/ mice
were bred with mice harboring a functionally rearranged B1-8i
Igh allele (Sonoda et al., 1997) or the 2B4 Tcrb transgene (Berg
et al., 1989) to generate D708A-R1/H or D708A-R1/b mice,
respectively. These mice exhibit developmental arrests at the
pre-B and pre-T stages of development, respectively, equivalent
to those observed in Rag1
/
3 B1-8i (R1/H) and Rag1/ 3
2B4 (R1/b) mice (Figures S1B and S1D), and express D708A
RAG1 and RAG2 protein in thymocytes and bone marrow B
lineage cells (Figures S2A and S2B). These data demonstrate
that the D708A transgene expresses RAG1 but does not support
lymphocyte development, presumably because it does not
support V(D)J recombination. To confirm this, pre-B and pre-T
cells from D708A-R1/H and D708A-R1/b mice, respec-
tively, were examined for Igk and Tcra locus rearrangementsby PCR. As expected, no rearrangements of either locus
could be detected (Figures S2C and S2D). Therefore, D708A-
R1/ mice provide a system in which RAG protein binding
to Ig and Tcr loci can be assessed in the absence of V(D)J
recombination.
ChIP experiments were performed with polyclonal rabbit
a-RAG1 or a-RAG2 antibodies (Leu and Schatz, 1995), and
with antibodies that recognize acetylated H3 at lysines 9 and
14, H3K4me3, and RNA polymerase (RNAP) II. Immunoprecipi-
tated and input chromatin samples were analyzed by qPCR
with primers (Table S1) that amplify a region adjacent to or span-
ning the RSS of antigen receptor gene segments as well as
various other genomic regions. The amount of DNA immunopre-
cipitated with specific antibodies was corrected for the amount
recovered with control rabbit IgG, yielding corrected IP/input
values (IP/Inputcorr) (see the Experimental Procedures).
The Igk Locus
The Igk locus contains 140 Vk gene segments and four func-
tional Jk gene segments (Figure 1, bottom) with initial Igk rear-
rangements showing a bias in favor of Jk1 (Victor et al., 1994).
RAG binding to Igk was analyzed in CD19+ bone marrow B
lineage cells (almost entirely pre-B cells) purified from D708A-
R1/H, R1/H, and Rag2-deficient 3 B1-8i (R2/H) mice.
The RAG proteins were found to associate with the J portion of
the locus, with strongest binding observed at the Jk1, 2, and 4
gene segments (Figures 1D and 1E, pink bars). In contrast, little
or no binding could be detected to numerous different Vk gene
segments. The specificity of the ChIP assays was demonstrated
by the lack of signal obtained at any region from R1/H cells
with the a-RAG1 antibody (Figure 1D, blue bars) or from R2/H
cells with the a-RAG2 antibody (Figure 1E, brown bars) In addi-
tion, no binding was detected to Ck or several control loci
(a-actin, b-globin, and b-actin) (Figures 1D and 1E).
Interestingly, this pattern of binding was recapitulated in cells
expressing only RAG1 or only RAG2: binding of WT RAG1 to Jk
but not Vk gene segments was observed in R2/H cells
(Figure 1D, brown bars), and binding of RAG2 to Jk but not Vk
gene segments was observed in R1/H cells (Figure 1E, blue
bars). These data indicate that each RAG protein has a mecha-
nism for specific localization within chromatin.
While D708A RAG1 is known to recapitulate the DNA binding
behavior of WT RAG1 in biochemical assays, it was important
to verify that this is also the case in vivo. RAG binding to Igk
was assessed in a v-abl-transformed pre-B cell line with induc-
ible expression of WT RAG1 and RAG2 (data not shown) and in
pre-B cells purified from WT mice (Figures S3A–S3C). In both
cases, WT RAG1 binds strongly to Jk but not Vk gene
segments. These data argue that D708A RAG1 retains normal
DNA binding activity in lymphocytes and that D708A-R1/
mice provide a suitable tool for the analysis of RAG binding
in vivo.
Additional ChIP experiments revealed that the region of Igk to
which the RAG proteins bind corresponds to a domain of highly
active chromatin. Levels of H3K4me3, H3 acetylation, and asso-
ciation with RNAP II were much higher at Jk than at Vk (Fig-
ure S4). This is consistent with the well-documented correlation
between an accessible chromatin configuration, transcription,Cell 141, 419–431, April 30, 2010 ª2010 Elsevier Inc. 421
Figure 2. RAG Binding to the Igh and Igk Loci in
Pro-B Cells
Binding of RAG1 (A), RAG2 (B), or levels of H3K4me3 (C)
were assessed by ChIP in primary CD19+ bone marrow
B-lineage cells from Rag1/ (R1/), D708A trans-
gene-positive Rag1/ (D708A-R1/), and Rag2/
(R2/) mice at the gene segments or regions indicated.
Data are the average of two independent experiments
and are presented as in Figure 1. Cm, Igm constant region.
See also Figures S1, S3, and S5.and V(D)J recombination and raises the possibility that certain
features of the chromatin in such open domains facilitate the
binding of the RAG proteins to RSSs.
Igk rearrangement is strongly upregulated during the pro-B
to pre-B cell transition, but it had not previously been possible
to determine whether this is regulated at the level of RAG
binding. When we assessed RAG binding in CD19+ bone mar-
row pro-B cells purified from D708A-R1/, R1/, and R2/
mice (Figure 2), we found that, indeed, RAG1 and RAG2 binding
is greatly upregulated at Jk gene segments in pre-B cells as
compared to pro-B cells (compare Figures 1D and 1E with
Figures 2A and 2B), as is H3K4me3 (Figure 2C), H3 acetylation,
and association with RNAP II (data not shown). Hence, the onset
of efficient Igk rearrangement corresponds to a dramatic
increase in measures of accessibility and RAG protein binding
at Jk gene segments, arguing that RAG binding is an important
regulated step in the initiation of Igk recombination.
In summary, the Igk locus exhibits developmentally regulated
focal binding of the RAG proteins to a small, highly transcribed
domain that contains the Jk gene segments and their flanking
23RSSs.422 Cell 141, 419–431, April 30, 2010 ª2010 Elsevier Inc.The Igh Locus
The Igh locus of C57BL/6 mice consists of
150 V gene segments, nine functional D gene
segments, and four functional J gene segments
(Figure 2, diagram) (Jung et al., 2006; Ye, 2004),
with only 700 bp separating the 30 most D gene
segment (DQ52) from Jh1. In pro-B cells, RAG1
and RAG2 binding was observed in a small
domain encompassing the Jh elements and
closely linked DQ52 gene segment, but could
not be detected at Vh gene segments, a DSP2
gene segment, or the frequently recombined
DFL16.1 gene segment (Figures 2A and 2B).
A nearly identical pattern of binding was
observed upon induction of expression of
D708A RAG1 and RAG2 in the v-abl-trans-
formed cell line D345 (data not shown). RAG2
binding was easily detected in the absence of
RAG1, in a pattern identical to that observed in
the presence of RAG1 (Figure 2B). However,
RAG1 binding in R2/ cells was not clearly
distinguishable from the background estab-
lished by R1/ cells and was much lower than
that observed in the presence of RAG2 (Fig-
ure 2A). This suggests that RAG2 facilitatesRAG1 recruitment/retention at Igh. As was observed at the Igk
locus, RAG binding correlates tightly with high levels of
H3K4me3 (Figure 2C), H3 acetylation, and RNAP II occupancy
(data not shown).
The Tcra Locus
The Tcra locus contains 100 Va (TRAV) gene segments and 61
Ja (TRAJ) gene segments (Figure 3, diagram). Initial rearrange-
ments involve preferential use of more 30 Va gene segments
and focus on the most 50 Ja gene segments because of the
strong T early-a (TEA) promoter that lies 2 kb upstream of
TRAJ61 (Krangel, 2007).
RAG protein binding to Tcra was analyzed in total thymocytes
(almost entirely CD4+CD8+ pre-T cells; Figure S1D) from D708A-
R1/b, R1/b, and R2/b mice. Focal binding of both RAG1
and RAG2 to the 50 portion of the Ja cluster was observed,
with the strongest association seen at the most 50 TRAJ gene
segments analyzed (TRAJ61 and TRAJ58) (Figures 3A and 3B).
Binding was also detected in the region spanning TRAJ56 to
TRAJ45 but not at more 30 TRAJ gene segments, Ca (TRAC) or
the five Va gene segments tested. Each RAG protein, when
Figure 3. RAG Binding to the Tcra Locus in Pre-T
Cells
Binding of RAG1 (A), RAG2 (B), or levels of H3K4me3 (C)
were assessed by ChIP in primary thymocytes from
Rag1/ 2B4 Tcrb transgenic (R1/b), D708A trans-
gene-positive Rag1/ 2B4 Tcrb transgenic (D708A-
R1/b), and Rag2/ 2B4 Tcrb transgenic (R2/b)
mice at the gene segments or regions indicated. Data
are presented as in Figure 1 and are the average of three
(RAG1 and H3K4me3) or four (RAG2) independent exper-
iments except for TRAJ56 and TRAJ53, which were
analyzed twice for RAG1 and RAG2. ND, not done;
TRAC, Tcra constant region; TEA, TEA promoter.
See also Figures S1 and S3.expressed alone, was able to recapitulate the binding pattern
observed when the two RAG proteins were coexpressed (Fig-
ures 3A and 3B). And, as observed at Ig loci, RAG binding
occurred in a chromatin region of high H3K4me3 (Figure 3C),
H3 acetylation, and RNAP II occupancy (data not shown).
Recombination of Tcra does not occur in pro-T cells, despite
high levelRag1 andRag2 expression and efficient recombination
of Tcrb. Is this regulated at the level of RAG binding? When
we analyzed total thymocytes (almost entirely CD4CD8
pro-T cells; Figure S1C) from D708A-R1/, R1/, and R2/
mice, no binding of RAG was observed to any of the Tcra gene
segments analyzed, including TRAJ61 and TRAJ58 (Figures 4A
and 4B). These regions have very low levels of H3K4me3 (Fig-
ure 4C), H3 acetylation, and RNAP II association (data not
shown) in pro-T cells. We conclude that developmental regula-
tion of locus accessibility and RAG binding represents one
mechanism by which Tcra locus recombination is prevented in
pro-T cells.
In summary, in pre-T but not pro-T cells the RAG proteins bind
to a discrete portion of the Tcra locus containing 50 Ja gene
segments. These Ja gene segments correspond closely to those
involved in initial Tcra rearrangements.Cell 141The Tcrb Locus
The Tcrb locus contains 31 Vb (TRBV) gene
segments and two D-J-Cb clusters, each con-
taining one Db (TRBD) and six functional Jb
(TRBJ) gene segments, with only 650 bp
separating Db from the nearest Jb gene seg-
ment. In pro-T cells, binding of RAG1 and
RAG2 was detected at both D-Jb clusters, but
not at TRBC1, TRBC2, or the three Vb gene
segments assayed (Figures 4A and 4B, pink
bars). This binding pattern was recapitulated
in cells expressing either RAG1 or RAG2 alone
(Figure 4A, brown bars; Figure 4B, blue bars).
As with the other antigen receptor loci ana-
lyzed, RAG binding to Tcrb correlates strongly
with high levels of H3K4me3 (Figure 4C), H3
acetylation, and RNAP II association (data not
shown). We conclude that in all four antigen
receptor loci examined, RAG binding occurs
detectably in a very small, highly accessibleregion containing J (and where present, J-proximal D) gene
segments.
Persistent RAG Binding to Igh in Pre-B Cells
and Tcrb in Pre-T Cells
Recombination of the Igh and Tcrb loci is regulated to ensure that
each B or T lymphocyte expresses Igh or Tcrb protein, respec-
tively, from only a single allele. Allelic exclusion at these loci is
thought to be mediated by a feedback mechanism in which
assembly of a productive VDJ allele leads to inhibition of further
Igh or Tcrb V-to-DJ recombination (Cobb et al., 2006; Jung et al.,
2006; Krangel, 2007). To test whether allelic exclusion might be
mediated in part by a failure of the RAG proteins to reassemble
robust recombination centers on the Igh and Tcrb loci in pre-B
and pre-T cells, we examined RAG binding to Igh and Tcrb in
these cells.
The results were similar to those obtained in pro-B and pro-T
cells: strong binding of RAG1 and RAG2 at the DQ52-Jh region
in pre-B cells (Figures S5A and S5B) and the Db-Jb regions in
pre-T cells (FiguresS5CandS5D),with little or no signal observed
at DFL16.1 or any Vh or Vb gene segment. We also detect RAG
binding to the J and proximal D but not V portions of Igh and, 419–431, April 30, 2010 ª2010 Elsevier Inc. 423
Figure 4. RAG Binding to the Tcrb and Tcra Loci in
Pro-T Cells
Binding of RAG1 (A), RAG2 (B), or levels of H3K4me3 (C)
were assessed by ChIP in primary thymocytes from
Rag1/ (R1/), D708A transgene-positive Rag1/
(D708A-R1/), and Rag2/ (R2/) mice at the gene
segments or regions indicated. Data are the average of
three (RAG1) or two (RAG2 and H3K4me3) independent
experiments and are presented as in Figure 1. TRBC1
and TRBC2, Tcrb constant regions 1 and 2; red rectangles,
TRBD1 (Db1) and TRBD2 (Db2). See also Figures S1, S3,
and S5.Tcrb in purifiedWTpre-Bandpre-Tcells, respectively (seebelow,
and data not shown), arguing that these results are not simply
a consequence of the accelerated development caused by
providing a functional Igh or Tcrb allele in the germline. Levels
of H3 acetylation and RNAP II remain high in the DQ52-Jh region
in pre-B cells and in the Db-Jb regions in pre-T cells (data not
shown). Together, our results indicate that RAG1 and RAG2
efficiently associate with the J/proximal D regions of the Igh and
Tcrb loci in pre-B/pre-T cells. This supports the current model
that feedback inhibition of Igh and Tcrb recombination operates
primarily on Vh and Vb gene segments, respectively, and is
consistentwithpreviousdatademonstrating that theD-Jportions
of these loci are competent for recombination in pre-B/pre-T cells
(Jung et al., 2006;Whitehurst et al., 1999; and references therein).
Lineage Specificity of RAG Binding
Tcr loci recombine in developing T but not developing B cells
while the reciprocal is true for recombination of Ig loci, with the
exception that Igh D-to-J recombination can be detected in
thymocytes (Jung et al., 2006). We find that RAG binding exhibits
a similar lineage specificity: RAG1 and RAG2 do not bind detect-
ably to Db, Jb, or Ja gene segments inWT pre-B cells, or to Vk or424 Cell 141, 419–431, April 30, 2010 ª2010 Elsevier Inc.Jk gene segments in WT pre-T cells, while there
appears to be a low level of binding in the vicinity
of Jh1 in pre-T cells (Figures S3D and S3E).
These results indicate that the RAG proteins
bind in a lineage-specific manner, consistent
with previous data demonstrating tissue-spe-
cific RAG cleavage activity in isolated nuclei
(Stanhope-Baker et al., 1996).
The RSSContributes to RAGRecruitment
To explore the role of the RSS in RAG recruit-
ment, we created retroviral recombination
substrates containing (pINV-12/23) or lacking
(pINV-0) a 12RSS and a 23RSS (Figures 5A and
5B). We introduced these substrates into a pro-
B cell line that expresses D708A RAG1 and
RAG2andperformedChIPonpolyclonalpopula-
tions of infected cells. After induction of RAG
expression for 20 hr, much stronger binding of
D708A RAG1 and RAG2 was detected to pINV-
12/23 than topINV-0 (Figures 5Cand5D). Similar
results were obtained with a second group ofindependently derived populations of infected cells (data not
shown). Equivalent RAG binding was observed at the endoge-
nous Jh1 and Jh3 gene segments in pINV-12/23 and pINV-
0 infected cells (Figures 5C and 5D), suggesting equivalent induc-
tion of RAG binding activity in the two cell populations. This and
western blot (Figure S6A), substrate expression (Figure S6B),
and histone modification (Figure S6C) data strongly argue that
the large difference in RAG binding observed between pINV-12/
23 and pINV-0 is not due to differences in RAG expression or
binding activity, or in substrate accessibility. We conclude that
the RSSs are required for strong binding of RAG1 and RAG2
to the recombination substrate under these assay conditions.
Consistent with an important role for the RSS, mutation of RAG1
at three residues (R391A,R393A, andR402A) known tomake crit-
ical contacts with the nonamer (Yin et al., 2009) dramatically
reduced recruitment of D708A RAG1 to the RSSs of pINV-12/23
(Figures 5E and 5F).
RAG2 Binds throughout the Genome
at Sites of H3K4me3
Our qPCR-ChIP analyses revealed several examples of RAG2
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Figure 5. The RSS and Nonamer Binding Domain Are
Important for RAG Binding
(A and B) The pINV-12/23 (A) and pINV-0 (B) recombination
substrates. The 50 and 30 long terminal repeats (LTR), mouse
CD90 gene (mCD90) encoding Thy1.1, and human CD4 gene
(hCD4) are indicated as rectangles, the internal ribosome
entry site (IRES) as an oval, and the 12RSS and 23RSS as
white and black triangles. The mCD90 gene lies in opposite
transcriptional orientation (long arrow) to that of transcription
originating in the 50 LTR. The positions of PCR primers are indi-
cated with short arrows. Primer pairs 12a and 23d span the
12RSS and 23RSS, respectively, in pINV-12/23, and generate
109 bp (12a) and 61 bp (23d) smaller products with pINV-0
than with pINV-12/23 because of deletion of the RSSs. Primer
pairs 12b and 23c lie 69 bp 30 of the 12RSS and 91 bp 50 the
23RSS, respectively. Not drawn to scale.
(C and D) Binding of RAG1 (C) or RAG2 (D) was assessed by
ChIP in the D345 v-abl-transformed cell line infected with
pINV-12/23 (gray and red bars) or pINV-0 (white and blue
bars) either prior to RAG induction (0hr) or after 20 hr of RAG
induction (20hr) at the gene segments or regions indicated.
Data are the average of two independent experiments and
are presented as in Figure 1. See also Figure S6.
(E) Binding of RAG1 was assessed in a R1/ cell line contain-
ing pINV-12/23 and infected with a retrovirus expressing
D708A RAG1 (red bars) or nonamer binding domain (NBD)
mutant D708A RAG1 (blue bars) and a linked blastocydin
resistance gene. Data were collected from blastocydin-resis-
tant clones 20 hr after treatment with STI-571 and are the
average of two independent experiments. Similar data were
obtained with a second set of independently derived clones
(data not shown).
(F) Western blot of D708A RAG1 and NBD mutant D708A
RAG1 proteins in infected R1/ v-abl cells. A separate blot
of the same protein extracts was probed for Ku80 to confirm
equal loading.g-actin promoter in pro-B, pre-B, pro-T, and pre-T cells (Fig-
ures 1, 2, 3, and 4), and the TEA, Elp4, and Rars2 promoters
in pre-T cells (Figure 3). To examine this on a genome-wide
basis, we performed ChIP-sequence (ChIP-seq) analysis of
RAG2 binding and H3K4me3 in total thymocytes from WT and
D708A-R1/b mice (and control R2/b thymocytes for the
RAG2 antibody). At least 7,000,000 sequence tagsweremapped
to the mouse genome in each ChIP-seq experiment (Table S2).
The results reveal an extraordinary spatial and quantitative
correlation between RAG2 binding and H3K4me3 (Figure 6).
RAG2 and H3K4me3 were each detected at over 24,000 peaks
or ‘‘islands’’ (see the Extended Experimental Procedures), with
a greater than 99% overlap in the locations of these islandsCell(Figure 6C). Islands containing higher levels of
H3K4me3 tended to have higher levels of RAG2
binding (Figure 6D). Analysis of the germline Tcra
locus in D708A-R1/b mice revealed RAG2
binding at the 50 end of the Ja cluster (Figure 6A,
panel ii) in a pattern very similar to that observed
by qPCR-ChIP (Figure 3B). In contrast, RAG2
binding is detected across the entire Ja cluster in
WT thymocytes (Figure 6A, panel iv), presumably
because these cells contain a complex mixture
of different V-Ja rearrangements, with each Vapromoter conferring accessibility to a small region of down-
stream Ja gene segments (Hawwari and Krangel, 2007). Con-
sistent with our qPCR-ChIP analysis, little RAG2 binding or
H3K4me3 is observed at Va gene segments (data not shown)
relative to Ja. Overall, these data demonstrate that RAG2 is
recruited to chromatin throughout the genome in a pattern that
mirrors that of H3K4me3. Consistent with the idea that this is
mediated by an interaction between the RAG2 PHD domain
and H3K4me3, we find that a mutation in the PHD domain of
RAG2 (W453A) previously demonstrated to abrogate H3K4me3
binding (Liu et al., 2007; Matthews et al., 2007) greatly reduces
association of RAG2 with multiple genes containing H3K4me3
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Figure 6. ChIP-Seq Analysis of RAG2 Binding in Thymocytes
(A and B) The number of sequence tags per million mapped tags is plotted in 100 bp windows across a region spanning the Ja gene segments (A) or a gene rich
region on chromosome 14 (B). Immunoprecipitations were performed with anti-RAG2 (panels i, ii, and iv) or anti-H3K4me3 (panels iii and v) antibodies with total
thymocytes from Rag2/ 2B4 Tcrb transgenic (R2/b) (panel i), D708A transgene-positive Rag1/ 2B4 Tcrb transgenic (D708A-R1/b) (panels ii and iii), or
WT (panels iv and v)mice. The locations of genes and gene segments are indicated below the x axes, with the direction of transcription indicatedwith arrowheads.
Ea, Tcra enhancer; TRDC, Tcrd constant region.
(C) Venn diagram showing spatial overlap between RAG2 and H3K4me3 islands using ChIP-seq data pooled from WT and D708A-R1/b thymocytes.
(D) Combined H3K4me3 islands were separated into four groups of equal size (Low, Q2, Q3, High) according to the numbers of reads mapped to the island in the
H3K4me3 Chip-seq experiment; a fifth group of RAG2 islands lacking H3K4me3 reads was also defined (none). The numbers of reads in tags per million aligned
reads (tpm) for these five groups in the RAG2 Chip-seq is shown for each of the groups as a box and whisker plot on a logarithmic scale.
See also Figure S7 and Table S2.DISCUSSION
No direct assessment of RAG protein binding to antigen receptor
loci has previously been performed, leaving important gaps in426 Cell 141, 419–431, April 30, 2010 ª2010 Elsevier Inc.our understanding of the initiation of V(D)J recombination.
Here, we demonstrate that RAG1 and RAG2 associate with
a small region encompassing some or all of the J gene segments
in the Igk and Tcra loci and J and J-proximal D gene segments in
the Igh and Tcrb loci. These RAG-bound regions assemble in
a tightly regulated, lineage- and developmental stage-specific
manner. Our data provide insights into how the RAG proteins
are recruited to antigen receptor loci and have implications for
the organizing principles that govern assembly of these large
loci as well as for mechanisms that might contribute to aberrant
V(D)J recombination and the development of lymphoid tumors.
Initial RSS Binding and the Ordered Assembly
of Synaptic Complexes
Given biochemical evidence for a ‘‘capture’’ model of RAG-
mediated DNA cleavage (Jones and Gellert, 2002; Mundy
et al., 2002), it is of considerable importance to understand
how binding of the first RSS and capture of the second RSS
are orchestrated in vivo. Two general scenarios can be envi-
sioned: the binding and capture steps are carefully regulated
and occur in a particular order, or the process is not ordered
and either partner can be bound first. In the absence of amethod
to assess RAG binding in vivo, it has been difficult to distinguish
between these scenarios.
Based on the detection of nicks at 12RSSs but not 23RSSs
in vivo (Curry et al., 2005), it was proposed that V(D)J recombina-
tion is initiated by RAGbinding to a 12RSS followed by capture of
a 23RSS (‘‘12RSS first’’ model). However, when we directly
assess RAG binding in vivo, we do not see a correlation with
a particular type of RSS: we detect binding to Jh and Jk
(23RSSs) and to Jb and Ja (12RSSs), but not to V and distal
Dh gene segments, including Vk and DFL16.1, which are flanked
by 12RSSs. One way to reconcile our findings with the 12RSS
first model is to propose that most of the RAG-chromatin com-
plexes we detect are synaptic complexes, but there are reasons
for doubting that this is the case. First, formation of the stable
12RSS/23RSS synaptic complex requires both RAG1 and
RAG2 (Swanson, 2004), and yet cells expressing only RAG1 or
only RAG2 largely recapitulate the binding patterns observed
in cells expressing both RAG proteins. Second, the pattern of
binding observed at the Igh locus cannot readily be explained
by invoking synaptic complexes. In this locus, the majority of
D-J rearrangement events involve the four Jh gene segments
and just two of the nine Dh gene segments (DQ52 and
DFL16.1) (Chakraborty et al., 2007). While we observe relatively
strong RAG binding at Jh gene segments, binding is weaker at
DQ52 and not detected at all at DFL16.1 (Figure 2 and Fig-
ure S5). Were synaptic complexes the principal entity detected
by our assay, ChIP signals should have been at least as strong
at DQ52 and DFL16.1 as at the Jh gene segments. Synaptic
complexes can likely be detected by the ChIP assay, but this
appears to occur sufficiently infrequently with any given partner
that such binding is below the detection limits of the assay.
We favor the idea that the discrete regions of RAG binding
that we observe at J and closely linked Dh or Db gene segments
are the primary sites of RAG recruitment andRSSbinding in each
antigen receptor locus. These regions exhibit much higher levels
of H3 acetylation, H3K4me3, and bound RNAP II than other
portions of the loci, creating favorable conditions for RAGprotein
recruitment. We propose that initial RSS engagement during
V(D)J recombination is not restricted to 12RSSs, but rather
occurs with whatever RSSs are found within recombinationcenters. It remains to be determined why nicking was detected
at Vk but not Jk gene segments in a v-abl-transformed pre-B
cell line (Curry et al., 2005). One possibility is that initial engage-
ment of the RAG proteins with chromatin-associated Jk 23RSSs
yields a complex that is not competent for catalysis and that
most Vk nicking occurs within the paired complex. We cannot
rule out the possibility of heterogeneous RAG binding in indi-
vidual cells to a small number of gene segments that make up
large (e.g., Vk) gene segment arrays.
Pathways of Recruitment of RAG1 and RAG2 to DNA
We find a very tight correlation between RAG2 binding and
H3K4me3 at all loci and in all cell types examined. Together
with the results of previous studies (Liu et al., 2007; Matthews
et al., 2007), our data strongly argue that themajor factor control-
ling the association of RAG2 with chromatin is the interaction of
its PHD domain with H3K4me3. Elevated levels of H3K4me3 are
found in the 50 portions of active genes and are strongly associ-
ated with active or poised RNAP II (Barski et al., 2007; Ruthen-
burg et al., 2007). Hence, our data indicate that RAG2 associates
with many different transcriptionally active regions of the
genome. We previously estimated that thymocytes contain, on
average, thousands of molecules each of RAG1 and RAG2,
with RAG2 in excess over RAG1 (Leu and Schatz, 1995). This,
together with the results of our RAG2 ChIP-seq analysis, argues
that RAG2 binds to many different sites in the genome of each
RAG-expressing lymphocyte. The functional significance of
this is unknown: possibilities include a regulatory function in
V(D)J recombination (e.g., sequestration of RAG2) or an influ-
ence on transcriptional activity, histone modifications, or chro-
matin structure of nonantigen receptor loci.
Importantly, binding of RAG2 to the nonantigen receptor loci
we have examined is not accompanied by detectable binding
of RAG1. This suggests that RAG2 need not exist in a stable
complex with RAG1 and that developing lymphocytes contain
a substantial pool of chromatin-associated RAG2 that is not in
complex with RAG1. While this RAG2 by itself would pose no
threat to genome integrity, even inefficient recruitment of RAG1
to nonantigen receptor loci by H3K4me3-bound RAG2 would
create a risk of aberrant DNA nicks or double-strand breaks,
particularly at nearby cryptic RSSs, non-B form DNA structures
(Raghavan et al., 2004), or DNA mismatches (such as might be
created by the activation induced deaminase) (Tsai et al.,
2008). RAG2 binding to H3K4me3 increases the catalytic activity
of the RAG complex and hence might enhance this risk (Shima-
zaki et al., 2009), as might the recently described interaction of
RAG1 with histone H3 (Grazini et al., 2010). Poor solubility of
RAG1 and its tight association with as yet unknown elements
of the nucleus have made it difficult to determine the extent to
which RAG1 and RAG2 exist in RAG1-RAG2 complexes in vivo
(Leu and Schatz, 1995).
RAG1 binding is more restricted than that of RAG2, being
detected only in regions that display the two hallmark features
of recombination centers: (1) highly active chromatin and (2)
the presence of arrays of RSSs. The recombination centers
defined here contain multiple, closely spaced RSSs, and it
remains to be determined whether the number and/or spacing
of the RSSs is important for stable recruitment of the RAGCell 141, 419–431, April 30, 2010 ª2010 Elsevier Inc. 427
Figure 7. Recombination Center Model for
V(D)J Recombination
(A) Schematic depiction of the Igk locus showing V
and J gene segments (yellow and green rectan-
gles, respectively), 12RSSs and 23RSSs (yellow
and green triangles, respectively), germline pro-
moters (black circles), the intronic (iEk) and 30
(30Ek) enhancers (gray circles), and the constant
region (gray rectangle).
(B) Germline promoters and enhancers cooperate
to create a domain (gray shaded area) with high
levels of germline transcription (arrows) and acti-
vating histone modifications including histone
acetylation (Ac) and H3K4me3 (me) encompass-
ing the Jk gene segments.
(C) The RAG proteins (blue ovals) are recruited into
this domain by virtue of direct RAG-RSS interac-
tions and binding of the PHD domain of RAG2 to
H3K4me3, forming the recombination center.
No attempt is made to distinguish between the
RAG1-RAG2 complex and the individual RAG
proteins.
(D) Large-scale reorganization of the chromatin
fiber brings V gene segments into close proximity
of the recombination center, where they compete
for capture by the RAG proteins in the recombina-
tion center.
(E) One V gene segment is stably captured in the
recombination center in a synaptic complex (large
blue oval) containing RAG1, RAG2, the Vk and Jk
RSSs, and probably HMGB1/2. Within this com-
plex, the RAG proteins introduce double-strand
breaks between the gene segments and their
flanking RSSs (not shown), completing the first
phase of V(D)J recombination.proteins. With the exception of the Igh locus, RAG1 does not
require RAG2 for binding and it is likely that direct interactions
with the RSS play a critical role in RAG1 recruitment to recombi-
nation centers. Our findings that RSSs and an intact nonamer
binding domain are required for RAG1 binding to a chromosomal
recombination substrate (Figure 5) strongly support this notion.
The finding that RAG1-bound RSSs invariably reside in tran-
scribed chromatin marked with activating histone modifications
likely reflects the need to free RSSs from repressive interactions
with nucleosomes. The ability of RAG1 to bind the RSS in the
absence of RAG2 is consistent with the hypothesis that RAG1
evolved from the transposase gene of Transib transposons,
which contain terminal inverted repeats resembling RSSs but
no RAG2 homolog (Kapitonov and Jurka, 2005).
Our data support the possibility that there are three pathways
by which the RAG proteins are recruited to DNA: (1) binding of
RAG2 to H3K4me3 followed by recruitment of RAG1, (2) binding
of RAG1 to the RSS followed by recruitment of RAG2, and (3)
binding of a preformed RAG1-RAG2 complex to the RSS and/
or H3K4me3. A variety of previous findings (Swanson, 2004)
suggest that pathway 3 is likely to play a significant role in resting
and G1 phase cells when RAG1 and RAG2 are coexpressed.
The availability of two binding elements (H3K4me3 and the
RSS) likely enhances the efficiency with which the RAG proteins
are recruited to and retained in recombination centers. In this
regard, it is noteworthy that RAG1 binding to Igh, unlike the other428 Cell 141, 419–431, April 30, 2010 ª2010 Elsevier Inc.antigen receptor loci examined, is dependent on the presence of
RAG2 (Figure 2A and Figure S5A). It remains to be determined
what feature of the Igh locus is responsible for this difference.
Weak binding of RAG2 to pINV-0 in the D345 cell line (Figure 5D)
represents a situation in which the RSS (presumably together
with RAG1) facilitates RAG2 recruitment. Because RAG1 and
RAG2 interact with one another, it is plausible that each RAG
protein can increase the efficiency and rapidity of binding of
the other in ways that are not captured in our analyses of primary
lymphocyte populations.
RAG2 is highly unstable in the S, G2, and M phases of the cell
cycle (Jiang et al., 2005), and hence developing lymphocytes
have periods during which RAG1 is present in the absence of
RAG2. We propose that as RAG2 levels rise at the beginning of
G1, RAG1 is already localized to recombination centers and
facilitates the recruitment of RAG2 (pathway 2 above).
Recombination Centers and the Regulation
of V(D)J Recombination
On the basis of our findings and those of others, we propose the
following model for the initiation of V(D)J recombination (Fig-
ure 7). Transcriptional control elements work in concert to create
a chromatin domain encompassing J (and proximal D) gene
segments that is marked by high levels of RNAP II and activating
histone modifications. RAG2-H3K4me3 and RAG-RSS interac-
tions lead to efficient and stable recruitment of the RAG proteins
into this domain, creating the recombination center. RAG pro-
teins in the recombination center then capture a partner RSS
that is RAG free. Capture might occur through simple diffusive
interactions in the case of short range recombination events
(e.g., D-to-J recombination), but likely requires large scale reor-
ganization of the chromatin fiber for long range recombination
events involving V gene segments (Jhunjhunwala et al., 2008).
On the basis of recent findings from the Murre and Alt laborato-
ries (Bassing et al., 2008; Jhunjhunwala et al., 2008; Ranganath
et al., 2008; Wu et al., 2007), we envision that numerous gene
segments compete for stable capture by the recombination
center in a process that typically involvesmultiple nonproductive
encounters. Formation of the stable synaptic complex activates
coordinate double strand DNA cleavage by the RAG proteins,
completing the first phase of the recombination reaction.
Focal recruitment of the RAG proteins into recombination
centers provides an appealing mechanism for regulating the
initiation of V(D)J recombination and limiting the possible dan-
gerous outcomes of the reaction. Restricting initial RAG binding
to a small fraction of the gene segments within each locus should
reduce the generation of potentially recombinogenic DNA nicks
(Lee et al., 2004). In the Igh locus, the absence of stable RAG
binding to 50 D gene segments should help prevent direct
V-to-D recombination involving these D segments. Perhaps
most importantly, recombination centers provide a means of
coordinating V(D)J recombination events on a single allele or
even between alleles, for example by helping to prevent multiple
simultaneous recombination events in a single lymphocyte.
Consistent with this idea, RAG-dependent, developmentally
regulated, homologous pairing of Ig alleles has recently been
described and suggested to contribute to allelic exclusion of Ig
recombination (Hewitt et al., 2009); the recombination center
provides an attractive potential mediator of such pairing and of
crosstalk between the two alleles. And, given the ability of the
RAG proteins to channel DNA double-strand breaks into the
nonhomologous end-joining repair pathway (Corneo et al.,
2007; Cui and Meek, 2007) and interact (perhaps indirectly)
with the Ku proteins (Raval et al., 2008), we speculate that
recombination centers also serve as sites for the recruitment
and organization of DNA damage response and repair factors,
similar to ideas recently proposed by others (Matthews and Oet-
tinger, 2009).
Chromosomal translocations between antigen receptor loci
and oncogenes are a hallmark of lymphocytic leukemias and
lymphomas and many are thought to arise from V(D)J recombi-
nation between a bone fide RSS and a cryptic RSS near an onco-
gene (Lieber et al., 2006; Marculescu et al., 2006). We propose
that in addition to capturing partner gene segments for antigen
receptor gene assembly, the RAG proteins in recombination
centers sporadically capture and cleave cryptic RSSs in nonan-
tigen receptor loci, leading occasionally to large chromosomal
rearrangements or translocations. In keeping with this idea, for
translocation events involving the loci we have analyzed, the
participating antigen receptor gene segments are almost invari-
ably located within predicted human recombination centers
(Marculescu et al., 2006, and references therein). It is therefore
plausible that recombination centers are an important contrib-
utor both to the proper regulation of V(D)J recombination andto aberrant recombination events that underlie the generation
of B and T cell malignancies.
EXPERIMENTAL PROCEDURES
Mice and Cells
The HGBAC (Yu et al., 1999) wasmodified to alter themouse RAG1 nucleotide
sequence GAT encoding aspartate 708 to GCG encoding alanine by recom-
bineering in bacteria (see the Extended Experimental Procedures) and was
used to generate transgenic mice on a C57BL/6-SJL background by standard
techniques. D708A BAC transgenic mice were bred with C57BL/6 mice and
subsequently intercrossed with Rag1-deficient, B1-8i Igh knockin, or 2B4
Tcrb transgenic mice on a C57BL/6 background, or Rag2-deficient mice on
a mixed 129/C57BL/6 background. B cell precursors were enriched from
bone marrow using CD19 magnetic beads (Miltenyi Biotec) (final purity >
90%). The R1/, R2/, and D345 pro-B cell lines were prepared by infection
of bone marrow of R1/, R2/, or D708A-R1/ Bcl2 transgenic mice with
the pMSCV-v-abl retrovirus as described (Bredemeyer et al., 2006). Where
indicated, v-abl-transformed cell lines were induced to express RAG with
3 mM STI-571 (Novartis) as described (Bredemeyer et al., 2006). All animal
procedures have been approved by the Institutional Animal Care and Use
Committee of Yale University.
Chromatin Immunoprecipitation
RAG1- and RAG2-specific rabbit polyclonal antibodies were raised to RAG1
aa 56–123 and RAG2 aa 70–516, respectively (Leu and Schatz, 1995). ChIP
was also performed with antibodies for H3K4me3 (#07-473 or #07-745), acet-
ylated H3 (#06-599), normal rabbit IgG (#12-370) (Millipore), and RNAP II
(#sc-899X; Santa Cruz Biotechnology). The ChIP procedure is described in
detail in the Extended Experimental Procedures. In brief, cells were cross-
linked with 1% HCHO, quenched with 0.125 M glycine, washed and resus-
pended in RIPA buffer (10 mM Tris [pH 7.4], 1 mM EDTA, 1% Triton X-100,
0.1% sodium deoxycholate, and 0.1% SDS) containing 0.8 M NaCl and
sonicated using a water bath sonicator (Diagenode) to obtain DNA of
300–500 bp. After preclearing of the chromatin, an aliquot (53 105 cell equiv-
alents) was set aside as the input sample. Chromatin from 5 3 106 cells was
then incubated with specific antibody or normal rabbit IgG (Millipore) and
immune complexes were pulled down with Protein A agarose beads (Milli-
pore). After reversal of crosslinks and purification of the DNA, duplicate Taq-
man qPCR reactions were performed with QIAGEN HotStart Taq with
a 3000 XP thermocycler (Stratagene). Table S1 lists the primers and probes
used. Input samples were diluted so that IP and input samples would give
approximately equal qPCR signals if 1% of the region of interest were present
in the IP sample. Using standard curves generated for each region analyzed in
each experiment, the amount of DNA recovered in immunoprecipitates and the
input chromatin was calculated. IP/Inputcorr was then calculated as ((IPsp –
IPrIg)/Input) 3 1000, where IPsp and IPrig are the amount of DNA recovered in
IPs with the specific antibody and rabbit IgG, respectively.
The ChIP-Seq procedure and analysis is described in the Extended Exper-
imental Procedures.
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